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ABSTRACT
The purpose of this study was to evaluate the ability of 44 young adults (mean age
= 21.7 years) to compare natural and artificial three-dimensional (3-D) objects using their
senses of vision and touch. Previous research has indicated that the information content
provided by a stimulus set can have a significant effect on a participant’s ability to
perform cross-modal object recognition tasks. A primary goal of the present study was to
understand what shape features are transferable between visual and haptic modalities.
Participants haptically manipulated objects from one of two stimulus sets: bell peppers
(Capsicum annuum) and sinusoidally-modulated spheres (SIMS). Then they indicated
which of the 12 simultaneously visible objects possessed the same shape. It was found
that the participants’ shape-matching performance was significantly higher for the bell
pepper condition compared to the SIMS (t(42) = 11.8, p < 0.000001). These results
demonstrate that while young adults can reliably match the solid shape of objects across
the sensory modalities of vision and touch, the obtained performance depends critically
upon the mathematical characteristics of the solid shapes that are utilized.
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INTRODUCTION
Our concept of the world in which we live is wholly constructed by our perception
of it. Vision and haptics (active touch) are the primary sensory modalities through which
humans perceive 3-D shape. Deficits in these systems, as in macular degeneration or
rheumatoid arthritis, lead to the inability to fully discern one’s surroundings. In performing
everyday behavioral tasks, vision and haptics act jointly to perceive the shapes of the
objects with which we interact, for example, when retrieving keys from a purse.
A growing number of neurophysiological studies suggest that vision and haptics
are more than just functionally similar and that the brain has a task-based rather than strictly
modality-based organization (Lacey & Sathian, 2015). The first demonstration of a visual
cortical area being activated during touch came from a positron emission tomographic
(PET) study in humans performing a grating orientation task (Sathian, Zangaladz,
Hoffman, & Grafton, 1997). When grooved surfaces with different spacings and
orientations were applied to the immobilized fingerpads of participants, they showed
increased activation in extrastriate visual cortical areas near the parieto-occipital fissure.
This region, located in the human V6 complex, is also active during visual discrimination
of grating orientation (Sergent, Ohta, & MacDonald, 1992). In fact, more recent studies
have found higher activation in early retinotopic locations like the occipital pole (OP)
during tactile exploration compared to visual (Monaco, Gallivan, Figley, Singhal, &
Culham, 2017).
Most research on visuo-haptic shape processing has focused on the lateral occipital
complex (LOC), an object-selective region in the ventral visual pathway (Malach et al.,
1995). The LOC is responsive to both haptic 3-D (Amedi, Jacobson, Hendler, Malach, &
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Zohary, 2002; Amedi, Malach, Hendler, Peled, & Zohary, 2001; Stilla & Sathian, 2008)
and tactile 2-D stimuli (Prather, Votaw, & Sathian, 2004; Stoesz et al., 2003) and is
believed to be necessary for normal haptic and visual shape perception. This is supported
by case studies involving lesions of the LOC. After a left hemisphere infarct to the occipitotemporal cortex, which likely included the LOC, the patient was found to suffer from both
tactile and visual agnosia (Feinberg, 1986). Likewise, a patient with bilateral LOC lesions
was unable to learn the shapes of unfamiliar objects by either sight or touch (James, 2003).
Apart from the LOC, visuo-haptic responses have been observed in several other
neocortical regions known to selectively process particular aspects of vision. The human
MT complex (hMT+, or V5), an area with a well-established specialization for visual
motion, is also active during tactile motion perception (Hagen et al., 2002). For texture and
location, multiple loci along the intraparietal sulcus (IPS) are thought to be involved in
discrimination of both visual and haptic object features (Stilla & Sathian, 2008). Their
responsiveness during shape perception may be concerned with the reconstruction of global
shape representations from object parts (Lacey & Sathian, 2015), which leads us to
question the nature of the information necessary to accurately compare 3-D shape across
the visual and haptic modalities.
It has been widely shown that these two systems do not necessarily perceive
objects congruently. In a series of experiments performed by Jacqueline Goodnow and
Philip Davidson, unimodal haptics were found to be inferior to unimodal vision when
using replicas of Gibson’s “feelies” (man-made objects sculpted by an artist) as stimuli
(Davidson, Abbott, & Gershenfeld, 1974; Goodnow, 1971). In contrast, Norman,
Norman, Clayton, Lianekhammy, and Zielke (2004) found vision and haptics to be
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similar with respect to solid shape discrimination when using a stimulus set of natural
objects. This suggests that the information content provided by a given stimulus set can
matter greatly. While both classes of objects differ considerably in shape, they share
certain characteristics. In particular, their surface regions possess three generic types of
curvature defined as elliptic (shaped like a bump or dimple, i.e., a hemisphere),
hyperbolic (shaped like a saddle), or parabolic (shaped like a cylinder) (Hilbert & CohnVossen, 1983). What shape features are transferable between senses? How does the
information content provided by a particular stimulus type affect participants’ ability to
accurately compare 3-D shape crossmodally? While previous studies have individually
examined cross-modal object recognition for natural and artificial stimuli, there is little to
no existing literature directly comparing the two stimulus types. One goal of the current
investigation was to fill this void by performing a cross-modal shape-matching task for a
set of naturally shaped 3-D objects and artificial stimuli.
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MATERIALS AND METHODS
Objects
Plastic replicas of bell peppers (Capsicum annuum), previously used by Norman et
al. (2015), served as the natural stimuli for the experiment. Liquid rubber (Smooth-On,
Inc.) was used to make negative molds of 12 natural bell peppers of similar size (e.g., mean
top-to-bottom size was 12.5 cm, sd = 0.6), and then liquid plastic (Smoothcast 322,
Smooth-On, Inc.) was poured into the molds to create positive copies of the objects. This
process allowed the creation of stimulus objects that vary in shape but maintain the same
color and material properties (e.g., hardness and texture). The replicas of the bell peppers
used in the current study are shown in Figure 1.

Figure 1: Photograph of the bell peppers (C. annuum) used as stimuli in the current study.

Plastic (PLA, Polylactic acid) randomly-shaped, globally convex objects which
were termed sinusoidally-modulated spheres (SIMS) acted as the artificial stimuli for the
experiment. The stimuli were created using the methods/algorithms developed by Norman,
Todd, and Phillips (1995) and were printed with a Bits from Bytes 3D Touch Printer. A set
of 12 objects were generated at random by distorting spheres with an initial radius of 8 cm.
This transformation was accomplished by adding a series of sinusoidal perturbations on
the surface at random orientations. The resulting objects were smoothly curved with no
discontinuities. The objects were then sanded and coated with an industrial brush-on glaze
(XTC-3D, Smooth-On, Inc.) to fill in the grooves left behind from printing. A smooth
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surface enabled additional visual information to be displayed to the participants, such as
specular highlights and shading. Figure 2 depicts the SIMS used in the current study.

Figure 2: Photograph of the sinusoidally-modulated spheres (SIMS) used as stimuli in the current study.

Task
Participants were assigned to one of two groups, either bell peppers or SIMS. On
any given trial, a single, randomly-selected object was placed onto the participant’s
upraised palm in a random orientation. Haptic exploration occurred behind an occluding
curtain (so that each participant could feel, but not see, the object), and the haptic
information provided was full-cue – that is, participants were free to manipulate the object
(with both hands for 7 s) however they wished. The duration was chosen according to a
previous study performed by Norman et al. (2004), which found that participants’ hapticto-visual matching performance improved from 3 to 5 to 7 s but did not improve with
longer haptic exploration times.
During haptic exploration, copies of all 12 of the stimuli (bell peppers or SIMS)
were visible on a tabletop in front of the participant, arranged in a semicircular pattern as
depicted in Figures 1 and 2. The objects were viewed binocularly and head (but not body)
motion was permitted. The task of the participant was to indicate which of the 12
simultaneously visible objects possessed the same shape as the one they had explored by
touch. A total of 96 trials took place so that each stimulus could be felt 8 times. No feedback
was given to the participants regarding their performance.
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Participants
There were a total of 44 younger participants: 22 adults (mean age = 21.0 years,
range = 18–34 years) judged the bell peppers and 22 adults (mean age = 22.4 years, range
= 18–32 years) judged the SIMS. All participants possessed normal or corrected-tonormal visual acuity. The participants were naive with regards to the purpose of the
experiment and gave written consent prior to their participation in the study. The
experiment was approved by the Western Kentucky University Institutional Review
Board. The study was carried out in accordance with the Code of Ethics of the World
Medical Association (Declaration of Helsinki).
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RESULTS
The overall results for both experimental conditions are shown in Figure 3, which
plots the participants’ shape-matching performance as a function of the stimulus set
explored. It is clear from an inspection of the figure that the participants’ shape-matching
performance was significantly higher for the bell peppers compared to the sinusoidallymodulated spheres (t(42) = 11.8, p < 0.000001).

Figure 3: Overall results for the participants. The dashed line indicates a chance level of performance. The
error bars plot ± 1 standard error.

The participants’ confusion matrix for the bell pepper condition is presented in
Figure 4. The objects are labeled 13–24, as defined by Norman et al. (2015). For stimuli at
which the frequency of correct responses (located along the diagonal) was low, the most
common incorrect response was identified. Particularly, pairs of objects that were
frequently confused were identified so that an analysis of their structural features could be
conducted. Consider, for example, the results for haptic exploration of bell pepper 21.
7

While participants most frequently correctly selected visual pepper 21 as the matching
object, they often incorrectly selected pepper 24. This confusion was reciprocal, such that
the haptic exploration of bell pepper 24 often led to pepper 21 being selected as the
matching shape. Other frequently confused pairs included bell peppers 15 and 20 as well
as bell peppers 13 and 21. The analogous confusion matrix for the SIMS is presented in
Figure 5.
Unlike the results for the bell peppers, the SIMS produced smaller correct response
frequencies. Certain objects, such as SIMS 4 and 7, were mistaken for each other, but more
often the confusion occurred across multiple stimuli rather than in well-defined pairs.

Figure 4: Confusion matrix showing response frequencies for each of the 12 bell pepper stimuli. The
frequencies of the correct responses are located along the diagonal.
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Figure 5: Confusion matrix showing response frequencies for each of the 12 SIMS stimuli. The frequencies
of the correct responses are located along the diagonal.

To understand why the participants’ shape-matching performance was so much
higher for the bell peppers compared to the SIMS, it is important to consider the
mathematical characteristics for each set of stimuli. Figures 6 and 7 contain plots of
Gaussian curvature generated by Meshlab (Hilbert & Cohn-Vossen, 1983; Koenderink,
1990) for bell pepper 19 and SIMS 3, respectively. Surface regions of negative Gaussian
curvature are shaped like saddles, while regions possessing positive Gaussian curvature are
shaped like bumps or dimples (i.e., convex or concave hemispheres). Notice that for natural
objects the distribution of differently curved surface regions is heterogeneous, but for the
SIMS, the distribution of differently curved regions is relatively homogeneous. It is
therefore possible that human haptic or visual shape perception is more effective when
diagnostic local features are present, as in the bell peppers.
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Figure 6: Differential geometry of Bell Pepper 19 showing the “front” and “back,” respectively. Blue and
green indicate areas of positive Gaussian Curvature (bumps & dimples), red indicates areas of negative
Gaussian curvature (saddle-shaped surface regions), while yellow indicates areas of zero Gaussian curvature
(i.e., cylindrical surface regions).

Figure 7: Differential geometry of SIMS 3, depicting two views separated by a 105-degree
rotation in depth about the y-axis. Blue and green indicate areas of positive Gaussian Curvature (bumps &
dimples), red indicates areas of negative Gaussian curvature (saddle-shaped surface regions), while yellow
indicates areas of zero Gaussian curvature (i.e., cylindrical surface regions).
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DISCUSSION
The results of the current study demonstrate that young adults can match the solid
shape of objects across the sensory modalities of vision and touch, but the obtained
performance depends critically upon the mathematical characteristics of the particular
objects that are utilized (with natural shape features producing superior performance).
One straightforward possibility for the obtained difference in performance between the
two object types (bell peppers versus SIMS) could be the presence of local diagnostic
features that are present on the bell peppers. This conclusion is supported by Norman et
al. (2004, 2015, 2017). In each of these previous studies, which employed similar natural
stimuli, participants often credited their correct identification of a bell pepper to a specific
fold or stem that made the object unique. The SIMS were largely devoid of these local
features due to their homogeneous distribution of differently curved regions (saddles,
cylinders, bumps, & dimples).
Another factor that potentially affected our results was the amount of visual
information available to participants. The stimuli on the tabletop were arranged so that
only one “face” of each object was visible. For the bell peppers, this perspective included
almost all relevant (i.e., distinctly different) surface regions, as seen in Figure 6, but for
the SIMS these important local features were equally distributed across the surface of the
object and some were thus not visible to the participants. It would therefore be harder for
a participant to “fill in” the missing information for a SIMS object than for a bell pepper,
since the “back” surface of a SIMS is more complicated than that of a bell pepper.
Several studies have suggested that haptic performance might be limited by shape
complexity (Dopjans, Wallraven, & Bülthoff, 2009; Phillips, Egan, & Perry, 2009).
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Phillips et al. (2009) found that for their class of stimuli (man-made objects called
glavens), participants’ visual shape discrimination performance was unaffected by object
complexity. In contrast, their participants’ haptic performance dropped significantly as
the stimulus objects became more complex. When their participants were required to
discriminate the glavens’ shape across vision and haptics (analogous to the current crossmodal task) the resulting performance was also affected by stimulus complexity. The
participants of Phillips et al. (2009) only performed well (i.e., exhibited high d’ values) in
the cross-modal condition when the objects possessed low complexity. With regards to
the current stimulus objects, it is possible that the bell peppers, on average, are less
complex; if so, the current results (that performance was higher for bell peppers than
SIMS) are consistent with the findings of Phillips et al. (2009) that good cross-modal
shape performance only occurs for low-complexity objects.
An alternative explanation for these results can be attributed to object familiarity.
In a study performed by Lacey, Flueckiger, Stilla, Lava, and Sathian (2009), functional
magnetic resonance imaging was used during separate visual object imagery and haptic
shape perception tasks. The activations evoked by visual object imagery overlapped more
extensively and displayed more correlated activation magnitudes with those evoked by
haptic shape perception of familiar, compared to unfamiliar, objects. Moreover, in a
companion paper (Deshpande, Hu, Lacey, Stilla, & Sathian, 2009), the neural networks
underlying visual object imagery were found to be similar to those underlying haptic
shape perceptions of familiar, but not unfamiliar objects. Thus, familiarity with natural
objects, like the current bell pepper stimuli, could make cross-modal comparisons
between vision and touch more effective than similar comparisons involving the SIMS
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(which were completely unfamiliar to the current study participants). This possibility is
supported by previous research (Ballesteros & Reales, 2004; Craddock & Lawson, 2009)
which showed that visual and haptic identification of familiar objects (e.g. hammer,
spoon, key, stapler, etc.) had low error rates of 2 to 4 percent.
Future research is needed to determine the degree to which the transfer of 3-D
shape information between the senses of vision and touch may be limited by object
complexity, similarity, and familiarity. In the current experiment, only the performance
of younger adults was evaluated. Since age-related deficits in the ability to perform crossmodal shape comparisons have been reported (Norman et al., 2006), it would be
interesting to observe the performance of older adults across various stimulus sets (i.e.,
types of objects). The current study should serve as a useful starting point for future
experiments employing different objects and exploration parameters.
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